Fast-scan atomic force microscopy reveals that the type III restriction enzyme EcoP151 is capable of DNA translocation and looping', Many DNA-modifying enzymes act in a manner that requires communication between two noncontiguous DNA sites. These sites can be brought into contact either by a diffusion-mediated chance interaction between enzymes bound at the two sites, or by active translocation of the intervening DNA by a site-bound enzyme. EcoP15I, a type III restriction enzyme, needs to interact with two recognition sites separated by up to 3,500 bp before it can cleave DNA. Here, we have studied the behavior of EcoP15I, using a novel fast-scan atomic force microscope, which uses a miniaturized cantilever and scan stage to reduce the mechanical response time of the cantilever and to prevent the onset of resonant motion at high scan speeds. With this instrument, we were able to achieve scan rates of up to 10 frames per s under fluid. The improved time resolution allowed us to image EcoP15I in real time at scan rates of 1-3 frames per s. EcoP15I translocated DNA in an ATP-dependent manner, at a rate of 79 ؎ 33 bp/s. The accumulation of supercoiling, as a consequence of movement of EcoP15I along the DNA, could also be observed. EcoP15I bound to its recognition site was also seen to make nonspecific contacts with other DNA sites, thus forming DNA loops and reducing the distance between the two recognition sites. On the basis of our results, we conclude that EcoP15I uses two distinct mechanisms to communicate between two recognition sites: diffusive DNA loop formation and ATPasedriven translocation of the intervening DNA contour.
T he action of a number of DNA-modifying enzymes requires communication between two spatially separated sites on the DNA molecule (for a review, see ref. 1) . Two main mechanisms are used to accomplish this task (2) . The protein can loop the intervening DNA by 3D diffusion, either by specific dimerization with a second site-bound protein or by specific or nonspecific binding to an unoccupied second site. Alternatively, the protein can translocate the intervening DNA while maintaining a contact with the initial binding site on the DNA. In this case, the translocated DNA will be extruded into an expanding loop.
The probability of diffusive looping depends on the spacing between the two sites, the stiffness (persistence length) of the DNA and any bend that the protein induces in the DNA (3) . In the case of a specific interaction between two sites or site-bound proteins, the size of the loop will be determined simply by the distance between the recognition sequences on the DNA. However, in the case of a nonspecific interaction, the loop will have a distribution of sizes that can be predicted by modeling the DNA as a semiflexible polymer (3) . In the absence of protein-induced bending, the most probable loop size occurs at Ϸ3.5 persistence lengths, or 550 bp. Shorter loops are strongly disfavored because of enthalpic contributions, but larger loops are less strongly disfavored as a result of entropic contributions, leading to an asymmetric probability distribution. Single molecule techniques have been used to observe diffusive looping by type II restriction enzymes using laser tweezers (4), tethered-particle motion assays (5) , and electron microscopy (6) . Similar behavior, using conventional atomic force microscopy (AFM), has also been seen for the Gal repressor (7) and for RNA polymerase and a transcription factor during transcriptional activation (8) .
To be able to form extruded loops by DNA translocation, a protein must possess a ''motor'' or helicase domain. The unwinding of the DNA is inherent to the function of helicases such as RNA polymerase (9) , the mismatch repair MutS proteins (10) and HSV-1 UL9 protein (11, 12) , and hence these helicases must track the DNA. However, in the case of restriction enzymes (13) and the chromatin remodelling Snf2 proteins (14) , there is no functional requirement to unwind the DNA. For instance, EcoR124I, a type I restriction enzyme and a superfamily 2 helicase, has been shown to track the DNA double helix without substantial strand separation. Tracking of the DNA helix will cause the generation of negative supercoiling in the expanding loop, at a rate of one superhelical twist per helical repeat (10.5 bp for B-form DNA) and should be sufficient to block translocation (2) . Some supercoiled structures have been observed in AFM images of EcoR124I (15) and in electron microscope images of EcoKI and EcoBI (16) . However, not all loops exhibited supercoiling. Supercoiling will pose the largest barrier to translocation for small loops, because the superhelical density will be largest immediately after translocation initiation. It has been proposed that this barrier may be overcome by melting the DNA during translocation initiation (15) , or by the formation of a (relaxed) diffusive loop before translocation, which will reduce the superhelical density (17) . Translocation rates of up to 550 bp/s have been reported for type I enzymes, such as EcoR124I (18, 19) .
EcoP15I is a type III restriction enzyme (and a superfamily 2 helicase) that requires two copies of its asymmetric recognition site to be oriented in a head-to-head manner to cleave DNA efficiently. EcoP15I was previously thought to function solely by ATPase-dependent DNA translocation with concomitant extrusion of loops (20, 21) , however, several studies have reached apparently contradictory conclusions. The ability of resolvase to concatenate plasmids in the presence of a cleavage-deficient mutant EcoPI (an enzyme highly homologous to EcoP15I) was taken as evidence that no loops, either extruded or diffusive, were formed (22) , but experiments using this technique also suggested that the type II enzyme NaeI did not form diffusive loops (23) . This has since been shown to be incorrect by experiments using the single-molecule tethered-particle motion assay (5) . The anomalously low rates of ATP hydrolysis by EcoP15I, in comparison with type I restriction enzymes, make it unlikely that the entire inter-site distance is translocated (21) . However, translocation is still thought to be involved, because the presence of a either a lac repressor specifically bound between the two sites or a nonspecific HU protein blocks DNA cleavage by EcoP15I (21) .
AFM is a technique that relies on the mechanical deflection of a single-point probe that is raster scanned over a surface to gather an image. Unfortunately, conventional AFM requires at least 30 s (often much longer) to acquire an image. The frame rate of the technique is limited by two factors: the rate at which the tip can be scanned across the surface before the onset of resonant instabilities, and the time response of the cantilever; that is, how fast the tip is able to follow the surface topography. These limitations can be overcome in two ways. The recently introduced VideoAFM (Infinitesima, Oxford, U.K.) incorporates a microresonant scan stage which uses the resonant motion of a quartz tuning fork to provide the fast-scan motion (24) . Alternatively, the small cantilever approach involves miniaturizing the sample stage, hence increasing the resonant threshold, and using a stiff, miniaturized cantilever with a faster response time (25) . We adopted the latter approach, using a modified version of the microscope described by Ando et al. (25) , and produced by Olympus (Tokyo, Japan). This system, operated under fluid, allowed us to gather 1,000 ϫ 600 nm images at 192 ϫ 144 pixels with rates of up to 10 frames per s.
Previous AFM-based studies of protein-DNA dynamics have examined transcription (26) , restriction by the type I enzyme EcoKI (27) , the action of DNase I on modified DNA (28) , and the operation of photolyase (29) . In these studies, maximum frame rates varied between 0.5 and 2 frames per min, which severely limited the time-resolution of the experiments. The only study yielding quantifiable data were that of Guthold et al. (26) , which relied on the use of rate-limiting concentrations of nucleoside triphosphates to reduce the RNA polymerase velocity to a rate of 1.5 bp/s, which was observable with the conventional AFM instrument.
In this study, fast-scan AFM imaging showed that EcoP15I uses both translocation (and hence extruded looping) and diffusive looping to achieve communication between two distal DNA sites. The observation of dynamic protein-DNA interactions reported here are the fastest yet observed by AFM. This paper demonstrates that technological improvements in AFM instrumentation have increased the temporal resolution 300-fold from at best Ϸ30 s to 100 ms. Our results raise the possibility that many other biological processes might be observed in real time with previously unattainable temporal and spatial resolution.
Results
Imaging of EcoP15I-DNA Complexes Using Fast-scan AFM. To image the dynamics of an EcoP15I-DNA complex, the complex must be stably adsorbed to the surface to allow imaging by the scanning AFM tip; however, the complex must also retain enough mobility to allow the enzyme to function. The fast-scan instrument is able to capture an entire image in the time normally taken to scan a few lines by conventional AFM, and therefore the requirement for stable adsorption is relaxed. Additionally, the tip scans more quickly and so contacts any point for a shorter time. Hence, the work done in displacing an adsorbed bio-molecule by the applied tip-sample force will be decreased in proportion to the reduced contact time, thus further reducing the requirement for stable adsorption. These factors allowed us to obtain images of nearly freely diffusing DNA on mica under fluid without having to pretreat the mica surface. The tips used were electron beam deposited, to produce a hydrophobic surface that is thought to have a minimal interaction with DNA and proteins (26) . The mobility of the DNA on the surface varied considerably between experiments, most likely because of the particular dynamics of the tip being used and surface variations.
A two-site DNA template would allow the rapid formation of a stable precleavage complex consisting of two EcoP15I multimers. In contrast, on a one-site template the enzyme is unable to communicate with another enzyme, and so continues to act on the DNA ad infinitum, enabling the observation of its behavior at any time-point after the addition of ATP. For this reason, the DNA template used in this and subsequent experiments is 2,249 bp long and has a single EcoP15I recognition site 105 bp from one end. Fig. 1 shows a series of consecutive images captured 100 ms apart from a movie of an EcoP15I-DNA complex imaged at a frame rate of 10 frames per s. [For the complete movie, see supporting information (SI) Movie 1]. In this case, the EcoP15I has formed a loop of DNA, and lies at the apex of the loop; however the EcoP15I appears inactive, despite being supplied with ATP, as no changes in the complex are observed. The motion of the complex on the surface is approximately equal in both x and y directions, even though the scanning tip velocity is much greater in the x axis than in the y axis. This indicates that the scanning tip is having a minimal effect, and that the DNA motion is primarily diffusive in nature. It is also noteworthy that the tip used to take this image had previously captured 9,860 images of 1,000 ϫ 600 nm, demonstrating that tip wear is less of an issue than might have been expected. For comparison, a conventional atomic force microscope, operating at 2 frames per min, would take Ͼ3 days to collect the same number of frames.
Translocation of DNA by EcoP15I. Fig. 2 shows a series of time-lapse AFM images of an EcoP15I-DNA complex that was observed to translocate, forming an extruded loop Fig. 2 A) , followed by the formation of a diffusive loop ( Fig. 2B ). (For the complete movie, see SI Movie 2). Note that the translocation does not initiate from the recognition site but from a region closer to the center of the DNA template. For this reason, we assume that the enzyme left its recognition site before the start of imaging. At the start of the imaging sequence, the enzyme began translocation, partitioning the translocated DNA into an expanding loop. The small loop present at t ϭ 1 s was present from the start of the observation Ϸ1 min previously, so we cannot speculate on how it was formed. The loop expanded between t ϭ 1 s and t ϭ 10 s, before being released when the enzyme reached the end of the DNA template at t ϭ 11 s. At t ϭ 54 s, another loop was formed, before being released again at t ϭ 588 s. This loop was ascribed to diffusive looping because the appearance of the loop was coupled with a large displacement of the DNA end (highlighted by the open circle at t ϭ 38 s and t ϭ 54 s), indicating that the DNA was severely bent by the formation of the loop and that the appearance of the loop was sudden. This result can be seen more clearly in SI Movie 2.
To demonstrate that the translocation events depicted in Fig.  2 A were indeed due to uni-directional motion powered by ATP hydrolysis, the size of the expanding loop was measured at each time point for four individual complexes (Fig. 2C ). Fitting each of these traces to a straight line gave translocation rates of between 32 and 117 bp/s, and an average translocation rate of 79 Ϯ 33 bp/s, at a saturating ATP concentration of 1 mM. The variation in rates between experiments was likely due to variations in the specific tip dynamics and sample preparation. No translocation events were observed in the absence of ATP.
The translocation events illustrated in Fig. 2 appeared to occur when the DNA was free to move on the surface. This meant that supercoiling generated ahead of the translocating enzyme as a consequence of the enzyme tracking the DNA would have been dissipated from the nontethered DNA ends. In some cases, we observed complexes that appeared more tightly adsorbed to the surface, so that dissipation of supercoiling was blocked and translocation was inhibited either directly by the DNA-surface interaction, or indirectly by the accumulated supercoiling. Fig. 3 shows a series of time-lapse images of such a complex collected at 3 frames per s. (For the complete movie, see SI Movie 3). Notable features are indicated by the arrows. Initially the release and re-formation of a loop through diffusive looping were seen at t ϭ 6 s and t ϭ 10 s, respectively (Fig. 3A) . During this process, the loop maintained a relaxed conformation. After loop reformation, the loop became progressively more supercoiled between t ϭ 26 s and t ϭ 202 s (Fig. 3B) . At t ϭ 58 s the loop was seen to cross over itself as the increased negative supercoiling could no longer be contained through under-winding of the DNA helix and was instead partitioned in to writhe. One superhelical twist would be expected per helical repeat translocated (i.e., 10.5 bp or 3.5 nm). This was below the spatial resolution of the microscope, and thus the accumulation of moderate supercoiling need not be accompanied by translocation observable in the AFM images. Additionally, supercoiling accumulated in the linear DNA in the lower portion of the image presumably because the end of the DNA was firmly stuck on the surface. Of particular interest was the region of supercoiled DNA that formed a plectoneme at t ϭ 122 s. We attribute this feature to supercoiling building up ahead of the enzyme, i.e., the enzyme was attempting to translocate along the longer section of DNA. Between t ϭ 186 s and t ϭ 202 s, the continued accumulation of positive supercoiling ahead of the enzyme (i.e., over-winding of the helix) caused the plectoneme to flip to the opposite side of the helix. This effect can be reproduced by winding a piece of flexible tubing in an anticlockwise fashion and watching the loop that is generated. A further control experiment (data not shown) performed immediately before the one illustrated in Fig. 3 , using the same sample and tip, showed an inactive DNA-bound enzyme with no loop. In this case, no supercoiled structures were observed after prolonged scanning.
If both ends of an extruded DNA loop are held firmly by the enzyme then supercoiling buildup within the topologically constrained loop is expected irrespective of the DNA-surface interaction. However, comparison of Fig. 2 A with Fig. 3B shows supercoiling in the expanding loop only when there is a strong DNA-surface, and presumably enzyme-surface, interaction. A possible explanation for this observation is that the enzyme has a mechanism to dissipate accumulated supercoiling and that the mechanism is blocked by a large surface interaction. This mechanism could allow one of the DNA contacts to swivel, transiently to release one of the DNA contacts, or to create a single-stranded nick in the DNA. Because EcoP15I has not been shown to possess a supercoiling activity in solution it seems likely such a mechanism may act to dissipate supercoiling in solution.
Dynamic Diffusive Looping of DNA by EcoP15I. We next demonstrated that dynamic diffusive looping can be detected by fastscan AFM (Fig. 4 ). An EcoP15I-DNA complex was observed bound close to the end of a DNA fragment, probably at the recognition site, which is located only 105 bp from one end (Fig.  4A ). This complex was seen to form transient diffusive loops. The images were acquired at 1 frame per s. Because a number of consecutive images of a looped complex were required to distinguish a looped complex from a nonspecific association, we estimate a lower detection limit for loop lifetime of Ϸ5 s. Fig. 4B shows the variation with time of the distance between the center of the actively looping complex and the DNA end, for every frame collected in a 729 s interval (i.e., 729 images), together with a histogram of the measured distances. Inspection of the histogram revealed a tri-modal distribution. The peak at largest distance (Ϸ 250 nm) represents unlooped complexes, examples of which are shown in the images in Fig. 4 Ab and Ae. The peak at intermediate distance (Ϸ100 nm) represents looped complexes in which EcoP15I associates with a nonspecific DNA sequence. The loops shown in the images in Fig. 4 Ad and Af had contour lengths of 480 bp and 550 bp, respectively. These compared favorably with the most probable loop size of 550 bp predicted by polymer theory (2) . The model based on this theory treats the DNA as a homogeneous polymer and takes no account of topological constraints; hence, small loops, governed predominantly by the DNA stiffness, would always lie in a plane. For this reason, we could apply the 3D model to 2D looping on a surface. The peak at smallest distance (Ͻ 50 nm) represents the looped complex in which the EcoP15I associates with the other DNA end as shown in the images in Fig. 4 Aa, Ac, and Ag. In cases where the DNA end was not visible, the distance between the EcoP15I enzyme center and the exiting DNA arm was measured. Although statistics on the loop lifetime were limited by the temporal resolution of the technique, the lifetimes obtained in this particular experiment ranged between 12 and 119 s (n ϭ 5).
Discussion
It has been observed in ensemble experiments that EcoP15I displays anomalously low rates of ATP hydrolysis, corresponding to a step size of many tens of bp per ATP molecule (20) . The conclusion that EcoP15I is an extremely efficient motor appears to contradict the observation that EcoP15I is a member of the superfamily 2 helicases which usually hydrolyze Ϸ1 ATP/bp translocated. We suggest that this apparent paradox can be avoided if, when communicating between two DNA sites, EcoP15I only undergoes limited translocation in the manner of a conventional superfamily 2 helicase. The intervening DNA is also reduced by diffusive looping.
One aim of this paper was to determine the mechanism by which EcoP15I communicates between two noncontiguous DNA sites. The low rates of ATP hydrolysis suggest that translocation-coupled extruded looping cannot be the only mechanism and that diffusive DNA looping must also act to reduce the lengths of DNA that the enzymes must translocate. The single-molecule resolution of fast-scan AFM allows us to see that the same EcoP15I-DNA complex is capable of both looping via extrusion coupled to translocation and diffusive looping ( Figs. 2 and 3) . This raises questions about the order in which these two processes occur and the events that trigger them. The simplest model would involve the formation of a number of diffusive loops, followed by translocation of the reduced intersite DNA distance. The number of diffusive loops formed would depend on the number of nonspecific DNA binding sites possessed by EcoP15I. On the basis of AFM images of EcoP15I-DNA complexes in air (data not shown) and the subunit stoichiometry of the enzyme, we believe this number to be two (20) . Hence, a pair of enzymes will be capable of reducing the inter-site distance by four times the most probable loop size, or Ϸ2.2 kbp (4 ϫ 550 bp). The remaining distance would then be covered by translocation of one or both enzymes. The initiation of translocation may require a large potential energy barrier to be overcome, making translocation initiation a slow process compared with diffusive looping. An attractive consequence of a model in which translocation follows diffusive looping is that the translocated DNA will be extruded into a preexisting relaxed loop, and hence the peak superhelical density will be much lower than if translocation initiation involved extrusion of a new loop (2). A similar model has been proposed for the type I enzyme EcoKI (16) .
An average translocation velocity for EcoP15I of 79 Ϯ 33 bp/s was obtained from our fast-scan AFM data. This value is most probably an underestimate of the true value because of the inhibitory affect of surface friction present in AFM experiments. Guthold et al. (26) estimated a frictional force of 1.5 pN would oppose an RNA polymerase that was pulling a 1,047-bp DNA fragment through itself with a translocation velocity of 0.5 bp/s. This estimate increases to 4 pN if the force required to both translate and rotate the DNA molecule on the mica surface is included (see Fig. 3 of ref. 26 ). This study used conventional AFM under identical buffer conditions to those used in this study (26) . Guthold et al. (26) validated this value by comparing the expected translocation velocity from Michaelis-Menten kinetics with force-velocity measurements for RNA polymerase gained by using optical tweezers (9) .
Using the diffusion coefficient obtained by Guthold et al. for DNA on mica under identical buffer conditions we can estimate the frictional force opposing translocation by EoP15I. The 2D diffusion coefficient, D, obtained by Guthold et al. for a 1,047-bp fragment of D ϭ 1.4 Ϯ 0.6 nm 2 /s can be scaled by using the scaling relationship D Ϸ L Ϫ3/5 from the Zimm model (30) , yielding D ϭ 0.9 Ϯ 0.3 nm 2 /s for the 2,249-bp DNA fragment used in our study. The measured translocation velocity is 79 Ϯ 33 bp/s, which gives a frictional force of 115 Ϯ 55 pN for linear motion only, and 330 Ϯ 158 pN if rotational motion is included. These values appear particularly large. However, this simple model may overestimate the force as it does not take account of the complex DNA-mica interaction. The DNA and mica are both negatively charged in aqueous buffer, and the attractive interaction occurs through the correlation of adsorbed counterions surrounding the DNA contour and mica surface. If the DNA is moving fast enough to disrupt the counterion correlation then the frictional coefficient will be reduced and result in an overestimation of the force at large translocation velocities. Additionally the rapidly scanning AFM tip may also disrupt the interaction. For comparison the maximum force generation of EcoP15I is Ϸ240 pN. This is derived from the maximum force per ATP of 80 pN/nm and assumes a step size of 1 ATP/bp (31) .
When DNA is stretched at a force of 65 pN, by tweezer methods, the DNA unwinds from B-to S-form (32) . Whether this force is actually realized in our AFM experiments where a surface interaction is present is unclear. The presence of an attractive DNA-surface interaction is likely to prevent the unwinding of the DNA and hence raise the force at which this transition occurs. This is the first study to measure the translocation velocity of EcoP15I, and no data exist on the force-velocity behavior of EcoP15I. However, it appears that EcoP15I is able to translocate against a large frictional force, which would imply an efficient coupling of the free energy of ATP hydrolysis to translocation. EcoR124I is a type I restriction enzyme also containing a superfamily 2 helicase domain; this enzyme has been shown to have a translocation velocity of 550 Ϯ 30 bp/s against applied forces of up to 5 pN (the largest force used in the experiment) (19) . We have no way of extrapolating our data to low force, however it seems likely that EcoP15I will achieve a substantially increased translocation velocity in the absence of a large friction force.
The data presented in Fig. 4 shows how fast-scan AFM can generate results similar to those obtained by using other singlemolecule based techniques, such as tethered particle motion assays or tweezer experiments. Although these other methods are probably superior in terms of simplicity of experimental design and data analysis, fast-scan AFM has the great advantage that direct images are produced in addition to the conventional data trace. This means that distinct looping events (for example) can be identified not only by their particular data traces but also by the structure and morphology of the enzyme-DNA complexes determined from the corresponding AFM images. Our results on loop lifetime range between 12 and 119 s for EcoP15I, which is consistent with the distribution presented for the type II looping enzymes NaeI and NarI (5) .
Application of fast-scan AFM to the type III restriction enzyme EcoP15I has provided new insights into the mechanisms underlying communication between two distal DNA sites. Based on our results, we believe that EcoP15I initially employs diffusive looping to reduce the inter-site DNA distance, followed by translocation-coupled extruded looping. This model circumvents the apparent paradox of why translocation is not blocked by supercoiling accumulated in the expanding loop: translocation does not partition DNA into a new loop but into a preexisting (relaxed) diffusive loop.
Materials and Methods
Fast-Scan AFM. The fast-scan AFM system was based on the small cantilever apparatus of (25, 33) . Small cantilevers, with dimensions (LϫWϫH) of 10 ϫ 2ϫ0.1 m, were made from silicon nitride, using standard micromachining techniques (34) . These cantilevers had a resonant frequency in water of 600-1,000 kHz and spring constants of 0.1-0.2 Nm Ϫ1 , as determined by the thermal tune method (35) . Typical free oscillation amplitudes during imaging were Ϸ4 nm, and the amplitude set-point was typically Ϸ70% of this value. A sharp probe was deposited on each cantilever, using electron beam deposition by Nanotools (Munich, Germany).
Sample Preparation. The restriction endonuclease EcoP15I was purified, and its activity assayed, as described in ref. 36 . A 2,249-bp DNA fragment containing a single EcoP15I recognition site 105 bp from one end was generated by digesting plasmid pTYB1 (New England Biolabs, Hitchin, U.K.) with SfoI and EcoRI. The fragment was gel purified and extracted by using a Qiaquick extraction kit (Qiagen, Crawley, West Sussex, U.K.). EcoP15I-DNA complexes were formed by incubating EcoP15I with 35 ng of DNA at a 1:1 recognition site:enzyme ratio in buffer (5 mM MgCl 2 /5 mM KCl/5 mM Tris⅐HCl, pH 7.9) supplemented with 80 M S-adenosyl methionine in a final volume of 20 l. After 2.5 min, ATP (1 mM; Sigma-Aldrich, Poole, Dorset, U.K.) was added and the reaction mix (3 l) was immediately deposited onto 1 mm 2 mica sample discs and incubated for 2 min. The sample was rinsed with 3 ϫ 10 l washes of buffer supplemented with 1 mM ATP, before being imaged in buffer, also supplemented with 1 mM ATP. Image Analysis. Video files were manipulated and compressed by using the open source program Virtual Dub (www.virtualdub. org) and Microsoft (Redmond, WA) video 1 codec. Individual frames were imported into ImageJ (http://rsb.info.nih.gov/ij/) and analyzed.
